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Background
Since 1996, farmers worldwide have planted a cumulative total of more than a billion acres (400 million hectares) 
of genetically engineered corn and cotton that produce insecticidal proteins from the bacterium Bacillus thuringien-
sis (Bt)1. The area of Bt crops planted each year continues to increase, with 170 million acres (69 million hectares) 
grown in more than two dozen countries in 2012, including 67% of all corn and 77% of all cotton in the United 
States1,2. Bt proteins, used for decades in sprays by organic farmers, kill some devastating pests but are considered 
environmentally friendly because they do not harm people and most other non-target organisms3,4. Benefits of Bt 
crops include fewer insecticide sprays, pest suppression, conservation of beneficial natural enemies, increased yield, 
and higher farmer profits5-7. However, evolution of resistance to Bt toxins by pests can curtail these benefits.
Results from Monitoring Resistance to Bt Crops
A review of data gleaned from 77 studies conducted in eight countries reveals that reduced efficacy of Bt crops 
was associated with field-evolved resistance in some populations of 5 of 13 species of major pests by 2010 (Table 1), 
compared with only one such species in 20058.  Factors contributing to this surge in documented cases of resistance 
include more extensive monitoring as well as increases in the area planted to Bt crops, the number of pest popula-
tions exposed to Bt crops, and the cumulative duration of exposure.  Three of the five resistant pests are in the United 
States, which accounts for about half of the world’s Bt crop area each year.  The other two resistant pests are from 
India and South Africa.  Four of the five resistant pests are caterpillars; the fifth is an insidious beetle called western 
corn rootworm (Diabrotica virgifera virgifera)9. 
The review examined 24 cases, with each case study evaluating resistance of one pest species to one Bt toxin in 
one country (Table 1). Whereas most previous assessments characterized pest populations only as resistant or not, 
the new analysis introduced a series of five color-coded levels ranging from strong evidence of no increase in resis-
tance (green) to the most serious cases of resistance, which are indicated by reports of reduced efficacy of Bt crops 
and >50% resistant individuals in at least one population of the pest (red). The goal of this graded alert system is to 
promote objective classification of the data and to facilitate management actions that are geared to the specific level 
of resistance detected in each case.
On an encouraging note, 14 of the 24 cases are in the two least resistant categories (Table 1). Three of these 
were classified as “incipient resistance” (blue), where a statistically significant increase in resistance occurred, but 
<1% of the individuals were resistant (Table 1). The monitoring data provided strong evidence of no increase in 
resistance in 11 cases. At the other end of the spectrum, 6 of the 24 cases are in the two most resistant categories. 
Five of these six cases are in the red category described above. The sixth case entails >50% resistant individuals, 
yet reduced efficacy of the Bt crop was only expected and had not been reported (orange). The remaining four 
cases constituted “early warning” of resistance, with 1 to 6% of individuals resistant (yellow).
The rate of resistance evolution varied dramatically, with serious resistance (red or orange) appearing after as 
little as two to three years in the worst cases, while pests remained completely susceptible (green) after 15 years 
in the best cases (Table 1). The variation in how quickly resistance evolved was consistent with predictions from 
evolutionary theory. As expected from small-scale experiments and computer models simulating insect popula-
tion genetics, three factors were associated with delayed resistance: a low initial frequency of alleles conferring 
resistance, recessive inheritance  of  resistance,  and abundant “refuges” of non-Bt host plants near Bt crops.
Refuges consist of plants that do not produce Bt toxins and thus allow survival of susceptible pests. Planting 
refuges near Bt crops reduces the chances that two relatively rare resistant pests will mate with each other, making 
it more likely they will breed with a susceptible mate. If inheritance of resistance is recessive, pests are resistant 
only if they get a resistance allele from both parents, and the heterozygous progeny from matings between resis-
tant and susceptible pests die on the Bt plants. The value of refuges has been controversial, and in recent years, 
the U.S. Environmental Protection Agency (EPA) has relaxed its requirements for planting refuges. 
Evidence from the field suggests that refuges have helped to delay pest resistance to Bt crops. For example, 
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the pink bollworm, a caterpillar pest that devours seeds within bolls of cotton, evolved resistance to Bt cotton 
quickly in western India, but not in the southwestern United States. Both countries had regulations requiring 
refuges of non-Bt cotton planted near Bt cotton. However, farmers planted refuges in the United States, but not 
in India. Although other differences between the countries could have also influenced resistance evolution, the 
striking contrast in compliance with refuge regulations appears to have played a key role. 
 Comparisons between Australia and the United States among three pest species in the moth genus Helicov-
erpa also support the idea that refuges have slowed pest resistance to Bt crops. For these pests, Australia’s refuge 
requirements for Bt cotton have been more stringent than those in the United States and the outcome in Australia has 
been better. 
For first-generation Bt cotton that produced only one crystalline Bt toxin (Cry1Ac), the required minimum per-
centage of cotton planted to non-Bt cotton on each farm was 70% in Australia versus 4% in the United States. For 
second-generation Bt cotton that produces two toxins active against Helicoverpa species (Cry1Ac and Cry2Ab), 
Australia requires 10% non-Bt cotton or the equivalent in terms of other non-Bt crop host plants on each farm, 
whereas the United States has eliminated refuge requirements in most regions. In Australia, farmers shifted abruptly 
from one-toxin Bt cotton to two-toxin Bt cotton. In the United States, however, the two types of Bt cotton overlapped 
for nearly a decade, which is expected to accelerate resistance evolution relative to the pattern in Australia. In Aus-
tralia, both species of Helicoverpa remain completely susceptible or nearly so to both toxins (green or blue level). 
By contrast, some populations of the Helicoverpa species in the southeastern United States show >50% resistance to 
both toxins (red or orange level).
Conclusions
The rise in cases of pest resistance to Bt crops is not surprising given the remarkable adaptive ability of insects and 
their extensive exposure to these transgenic crops during the past 16 years. Beyond simply keeping score, systematic 
tracking of field-evolved resistance along with factors hypothesized to affect the rate of resistance evolution offers 
the opportunity to learn some valuable lessons about why pests adapted quickly to Bt crops in some cases, but not 
others.
Analysis of the available data suggests that the risk of rapid evolution of resistance to a Bt crop can be gauged 
before the crop is deployed widely in the field. In particular, outcomes in the field imply, as predicted, that the risk 
of resistance is higher when plants do not meet the “high-dose” standard. The high-dose standard is met when plants 
produce a concentration of toxin high enough to kill all or nearly all individuals heterozygous for resistance. Thus, 
for plants that meet the high-dose criterion against a particular pest, inheritance of resistance is recessive for that pest. 
Although direct tests of this standard are often problematic, particularly before a Bt crop is commercialized, EPA 
guidelines specify that Bt plants meet the high-dose standard if they kill >99.99% of susceptible pests in the field. In 
19 cases where the high-dose standard was assessed directly or indirectly, rapid field-evolved resistance to Bt crops 
was significantly associated with failure to meet the high-dose standard (Table 1)8.
The relevant theory and data imply that if the high-dose standard is met, resistance can be delayed with limited 
refuges. Conversely, if this criterion is not met, abundant refuges probably will be needed to substantially slow resis-
tance. Therefore, systematic assessment of this criterion can be used proactively to enhance resistance management. 
Moreover, if reporting of the results of evaluation of this criterion becomes standard practice, the data available for 
testing predictions will increase steadily, thereby facilitating refinements in resistance management strategies8.
The planting of a cumulative total of more than a billion acres of Bt crops represents a milestone, but is still just 
the beginning of pest control with genetically engineered crops. Some new transgenic crops produce vegetative in-
secticidal proteins (Vips) from Bt in addition to crystalline (Cry) Bt proteins. Crops genetically engineered to make 
modified Bt toxins and other types of insecticidal proteins, as well as those that kill pests via RNA interference, are 
also promising. As with the current Bt crops, sustaining the efficacy of future transgenic insecticidal crops will re-
quire effective strategies for combating pest resistance.
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	 	 Table	1:	Status	of	field-evolved	resistance	to	Bt	crops	in	13	species	of	major	insect	pests8.
Pesta Bt Crop Toxin Country Yearsb High dosec Low initial freq.d
>50% resistant individuals and reduced efficacy reported
B. fusca Corn Cry1Ab South Africa 8 No ?e
D. v. virgifera Corn Cry3Bb USA 7 No No
H. zea Cotton Cry1Ac USA 6 No No
P. gossypiella Cotton Cry1Ac India 6f No ?
S. frugiperda Corn Cry1F USA 3 No ?
>50% resistant individuals and reduced efficacy expected
H. zea Cotton Cry2Ab USA 2g No No
1 to 6% resistant individuals
D. saccharalis Corn Cry1Ab USA 10 No No
H. armigera Cotton Cry1Ac China 13 No No
O. furnacalis Corn Cry1Ab The Philippines 5 No ?
P. gossypiella Cotton Cry1Ac China 13 No ?
<1% resistant individuals
H. armigera Cotton Cry1Ac Australia 15 No Yes
H. armigera Cotton Cry2Ab Australia 8 Yes No
H. armigera Cotton Cry2Ab Australia 8 Yes No
No decrease in susceptibility
D. grandiosella Corn Cry1Ab USA 6 ? Yes
D. v. virgifera Corn Cry34/35Ab USA 4 No No
H. punctigera Cotton Cry1Ac Australia 10 ? Yes
H. virescens Cotton Cry1Ac USA 11 Yes No
H. virescens Cotton Cry1Ac Mexico 11 ? ?
H. virescens Cotton Cry2Ab USA 2 Yes ?
O. nubilalis Corn Cry1Ab USA 15 No Yes
O. nubilalis Corn Cry1Ab Spain 4 ? ?
P. gossypiella Cotton Cry1Ac USA 13 Yes No
P. gossypiella Cotton Cry2Ab USA 5 Yes Yes
S. nonagroides Corn Cry1Ab Spain 7 ? Yes
aComplete species names:  Busseola fusca, Diabrotica virgifera virgifera, Helicoverpa zea, Pectinophora gossypiella, Spodoptera frugiperda, Diatraea saccharalis, Helicoverpa armigera, 
Ostrinia furnicalis, Helicoverpa punctigera, Diatraea grandiosella, Heliothis virescens, Ostrinia nubilalis and Sesamia nonagrioides. D. v. virgifera is a beetle; the other 12 pests are cat-
erpillars.
bYears elapsed between the first year of commercialization in the region studied and: a) for the six cases with >50% resistant individuals and reduced efficacy reported or expected (red 
and orange), the first year of field sampling that yielded evidence of resistance, or b) for all other cases, the most recent year of monitoring data reviewed here. 
cBased on direct evaluation of recessive inheritance of resistance for 12 cases with relevant data and on survival of susceptible individuals on Bt plants for 7 cases without such direct data. 
dBased on an initial resistance allele frequency below the detection threshold; yes indicates initial screening did not detect any major resistance alleles.
eCould not be determined with available data.
fExcludes years when Bt cotton was grown illegally in India before it was commercialized in 2002.  Resistance was first detected in samples collected in 2008, 6 years after commercializa-
tion.  If illegal planting started in 2000, the total years elapsed would be 8.
gMay reflect some cross-resistance caused by selection with Cry1Ac.
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